The structural and electrical properties of a solution processable material, 2,8-difluoro-5,11-tert-butyldimethylsilylethynyl anthradithiophene ͑TBDMS͒, were measured for single crystal transistors. TBDMS is observed to readily form single crystals from physical vapor zone sublimation. A columnar packing crystal structure, with an approximate / 4 radian rotational offset between neighboring molecules, is observed. Single crystal TBDMS transistors display a maximum observed saturation mobility S of 0.07 cm 2 / V s, current on-off ratio Ͼ10 7 , and subthreshold swing S Ϸ 1 dec/ V. The spectral current noises of single crystal devices display a 1 / f flicker noise, while the metal-semiconductor charge injection barrier is estimated by ultraviolet photoemission spectroscopy. © 2010 American Institute of Physics. ͓doi:10.1063/1.3495998͔
Organic semiconductors continue to be an active research area since opportunities to tailor their physical and electrical properties can be exploited to fabricate commercial devices by low-cost, solution-based processing methods. Several high-mobility oligomers, such as pentacene and rubrene, 1 have been identified; yet, many are incompatible with rapid manufacturing methods because of poor solubility or film structure.
2-4 Chemical modification of high performance molecules is a typical approach to tailor solubility, charge mobility, frontier states, and film microstructure. Side group additions and direct atom substitution are among the common modification methods. [5] [6] [7] Such recently developed organic semiconducting materials are among the forefront of advances in the field. [8] [9] [10] Exploring the crystallographic and electronic changes induced by chemical modification is vital to continued development.
Of particular interest are organic molecules derived from a historically interesting semiconductor anthradithiophene ͑ADT͒. 11, 12 It has been shown that chemical modification can dramatically change thin-film formation, 13 bulk structures, 9 and device performance. 12 These relationships must be understood at least phenomenologically since the commercial applications for organic materials require a myriad of operating conditions and processing schemes. In this paper, the ADT derivative 2,8-difluoro-5,11-͑bis͑tert-butyldimethylsilylethynyl͒͒ anthradithiophene ͑TBDMS͒ ͓Fig. 2͑b͒ inset͔ is characterized in the single crystal and thin-film transistor ͑TFT͒ configuration. The material was synthesized as described elsewhere, 14 only substituting tertbutyldimethylsilyl acetylene for triethylsilyl acetylene. TB-DMS crystals adopt a columnar packing structure with an approximate / 4 radian ͑Ϸ45°͒ rotational offset between neighboring molecules in the stack by x-ray diffraction ͑XRD͒ and electron diffraction ͑ED͒. The performance of single crystal TFTs is compared to that of spun coat devices while the effects of a contact surface treatment, pentafluorobenzenethiol ͑PFBT͒, are explored. To evaluate charge injection and its impact on transport in single crystals, the metal-semiconductor interfacial barrier for PFBT treated contacts is estimated by ultraviolet photoemission spectroscopy ͑UPS͒ measurements.
All electrical test structures are bottom contact fieldeffect transistors. Source and drain contacts were prepatterned on Si͑100͒ with a Ϸ300 nm thermal oxide by photolithography and a lift-off process. The contacts ͑40 nm Au on 5 nm Ti͒ are E-beam deposited a Ϸ0.1 nm/s rate. Indicated device contacts were PFBT pretreated using solutionbased methods. 13, 15 Single crystal transistors were fabricated to access the intrinsic electronic properties and probe the effects of highly defined molecular ordering. Thin lamellarlike crystals ͑XRD and ED characterized͒ are grown through physical vapor zone sublimation 9 at atmospheric pressures where TBDMS readily sublimes at Ϸ260°C. Freshly grown crystals are then laminated on prefabricated transistor structures.
2, 16 All electrical characterization was conducted in a dark nitrogen-purged probe station following an hour purging period to minimize atmospheric doping.
To relate single crystal device performance to commercially relevant solution processing methods, TFTs were fabricated on identical substrates. TBDMS dissolved in chlorobenzene at 1.0% by weight was spun on substrates with bare-and PFBT-treated contacts at 1000 rpm for 1 min in Ar. TBDMS forms an optically amorphous film with polycrystalline regions near dewetting locations and does not display the contact-induced crystallization demonstrated by other ADT derivatives for these conditions. 6 Yet, contact-induced crystallinity can occur from techniques such as drop casting. device channel to be parallel to the longitudinal field, suggesting electrical measurements in the preferred charge transport direction. The crystal has a nominal thickness of Ϸ400 nm, as measured by atomic force microscopy ͑AFM͒. Single crystal transistors with PFBT treated contacts display improved performance with a saturation mobility of 0.07 cm 2 V −1 s −1 , threshold voltage V TH ϳ 10 V, and on/off current ratio I on / I off of Ϸ10 7 . Despite PFBT use, nonlinearities often attributed to contact effects are observed.
A summary of the spin-cast and crystalline transistor performance metrics for test structures with bare-and PFBTtreated contacts are shown in Table I . All averaged results use at least eight individual devices. For both single crystal and spun cast devices, use of a gate dielectric surface treatment, such as the self-assembled monolayer octyltrichlorosilane, modestly increased device performance but resulted in increased dewetting for spin-cast devices and increased crystal delamination.
Crystalline devices surfaces were characterized by AFM ͓Fig. 2͑a͔͒. Surfaces were observed to be smooth over several square micrometers ͑rms Ͻ0.5 nm͒, molecular layers span several 100 m, and the average molecular layer height was extracted from individual line scans ͓Fig. 2͑b͔͒ and measured to be 1.2 Ϯ0.1 nm. Material grown by physical vapor transport was characterized by ED, as shown in the ED pattern of a TBDMS crystal at normal incidence ͓Fig. 2͑a͒ inset͔. This pattern confirms the single crystalline nature and agrees with the XRD structure of solution grown single crystals: monoclinic symmetry ͓a = 7.9211͑2͒ Å, b = 15.3716͑3͒ Å, c = 26.6849͑6͒ Å, ␤ = 97.0410͑10͒°͔ with an R factor of 0.1082. Figure 2͑c͒ displays packing along the fast growth direction ͑001͒, a, with a planar backbones spacing of 0.35 nm and a columnar packing motif, with a Ϸ45°r otational offset between neighboring molecules ͓Fig. 2͑c͔͒. This results in significantly less intermolecular aromatic overlap than seen in related materials. 12 Both ED and XRD confirm AFM measurements, proving terrace step-heights ͑100͒ of Ϸ1.2 nm and -packing in the long crystal axis direction ͑001͒.
Single crystal device noise was studied to further characterize mechanisms affecting charge transport. Organic TFTs display flicker noise 13, 17, 18 over several decades ͑1 Hz to Ͼ1 kHz͒ 19 in linear I-V operation, consistent with established techniques. 18 The current noise spectrum is expected to have the empirical form S I = AI D 2 / f ␣ , where S is the spectral noise density, A is the noise coefficient, I D is the drain current, f is frequency, and ␣ is the constant frequency exponent. Figure 3 shows the normalized spectral noise density S for a typical single crystal device over several frequency decades at constant drain-source and gate-source voltage ͑V DS =−1.0 V, V GS = −20.0 V͒. For high performing devices, the spectral noise density S was observed to be of the form S ϰ I 2.0Ϯ0.2 / f 1.0Ϯ0.1 where the indicated uncertainties are standard deviations ͑2͒. Over the range where devices displayed the characteristic A ϰ 1 / ͑V GS −V TH ͒ behavior typical of mobility fluctuations, the coefficient A is proportional to Hooge's parameter. 19 Hooge's parameter for two devices is 200 and 500, which in comparison to a related ADT deriva- tive is at least a factor of 100 larger. 13 Hooge's parameter measurements are more insightful for device comparisons while distinguishing between specific noise generation mechanisms, such as contact and conduction channel origins, is often difficult and inconclusive. However, possible explanations of the excess noise include a relatively lower mobility, 13 relatively larger XRD structural disorder ͑R factor͒, contact effects, charge trapping at the interfaces, and crystal defects. 17 The best performing devices for this study utilized PFBT contact treated substrates, 20 yet displayed increased nonlinearities at low drain-source voltages ͑Fig. 1 inset͒. To probe this observation, Fig. 4͑a͒ provides UPS spectra for the vacuum level onset ͑14-18 eV binding energy͒ and filled valence states ͑0-10 eV binding energy͒ of Au, PFBT treated Au, TBDMS spin-coated Au, and TBDMS spin-coated PFBT treated Au. The measured TBDMS spun-cast films are polycrystalline with areas of dewetting and display a thickness up to 200 nm. Figure 4͑b͒ shows the energy-level structures of the metal-organic and metal-self-assembled monolayerorganic interfaces, which are averaged over the specimen in an ϳ5 mm 2 area. Assuming flat energy levels near the substrate, which is expected for small molecules deposited on surfaces contaminated by adventitious carbon or solution processing, 21 the average charge injection barrier for TB-DMS spin-coated onto PFBT treated Au is observed to occur at a higher energy than the TBDMS spin-coated on bare Au ͓⌽ b,h ͑PFBT͒ = 0.80 eVϾ⌽ b,h ͑bare͒ = 0.68 eV͔. Assuming that this energy level shift at spin-coated ͑multifaceted͒ TB-DMS contact is similar to that of the single-crystal, this small shift of Ϸ0.12 eV, could generate the increased low voltage nonlinearities that are often attributed to contact effects.
1,22
In conclusion, a soluble organic semiconductor has been electrically measured and physically characterized. In sharp contrast with related organic derivatives that typically form one-dimensional "slipstack" or two-dimensional "brickwork" stacking motifs, 23 a columnar-stacking crystal structure with a substantial rotational offset is observed. Despite the limited -overlap between molecules and relatively high current noise, a relatively high maximum mobility of 0.07 and 0.006 cm 2 / V s are observed in single crystal and spun-cast devices. UPS measurements suggest that the charge injection barrier of PFBT treated Au contacts could be correlated with poor charge injection at the metalsemiconductor interface. 
